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I. INTRODUCTION

A thorough study of processes such as setal forwing, impact, penetra-
tion and adiabatic shear banding requires integration, with respect to
tise, of a coupled aystea of nonlinear partial differential equations. For
the model representing one of these phenomena to be sosewhat realistic, it
should inocorporate such effects as strain hardening, strain-rate hardening
and thermal softening. These effects are exhibited by most aetals under-
going large deformations at high strain rates. For homogeneous and simple
shearing deformations of such viscoplastic materials, the idiabatic shear
stress-shear strain curve is generally concave towards the origin and has a
peak in it. At this peak, the effect of theraal softening equals the com-
bined effect of strain and strain-rate hardening. Under further loading,
the thermal softening overtakes the strain and strain-rate hardening, aad
consequently the shear stresa required to mintain simple shearing deforma-
tions of the body Aecreases with an increase in shear strain.

In essentially all practical problems enumerated above, one needs to
integrate the governing equations well beyond the peak in the stresa-strain
curve. Whereas it is a trivial amatter to ocarry out this integration when
the deformations are homogeneous, it is a rather time consuming endeavor to
do so for non-homogeneous deformations even when the deformations are one-
dimensional. Herein we discuss our experience with two methods, the
forwmard-difference scheme and the Crank-Nicolson metho4. In each case, the
governing partial differential equations were first reduced to a set of
ordinary differential equations by using the Galerkin finite element
method. Also in the case of the Crank-Nicolson sethod the number of
unknowns at each point was increased from five to eight so that only first
order spatial derivatives of the uniknowns appeared in the equations. Ve
should point out that the governing squations are stiff and no artificial
viscosity was introduced in either case. Of course, the Crank-Nicolson
sethod has artificial viscosity inherently built into tt.

Our numserical experisents reveal that the Crank-Nicolson-Galerkin-
Finite-Elewsnt (CNGFE) sethod allows the use of tiwe steps at least two
orders of wagnitude larger than those permitted by the Forwvard-Difference-
Galerkin-Finite-Clewment (PFDGFE) achewe and still gives an acceptable stabdble
solution. It {s conceivable that the efficiency of the forward-difference
schewe used herein would ieprove if auxiliary variables were introduced, as
was done for the Crank-Nicolson wmethod, so that only first order spatial
derivatives appeared in the governing equations.

Ve refer the reader to excellent books' ~“ and references given therein
for a discussion of various nuserical integration techniques. We note that
Chandrs and Mukherjee® recently used the forward-difference method to inte-
grate a stiff set of partial differential equations somewhat skin to ours.
They used an Ruler type saheme with automatic time-step control. However,
selecting parameters that oontrol the time-incremsent automatiocally is a
hard task.

Ve add thet in sn earlier papore the emphasis was on reporting the
complete set of solutions, obtained by using the CNGFE method, to equations
studied herein., 1n this paper, we provide details of the two numerical
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techniques and coapare results, for one variable only, obtained by using
the two sethods.

A. PFormulation of the Simple Shearing Problem

Ve study the simple shearing deformations of a dipolar visco-plastioc
saterial and assume that all of the variables have been non-dimensional-
ized. Thus the body occuplies the infinite slab bounded by the planes
y = t1. Referring the reader to Reference 6 for details, we note that the
governing equations are

6-%(3- L0, )0y M
f s ke," . A(s2 o 02) . (2)
s s u(v.y - As) , - (3)
6= tulv,.. - 2o )
'yy " ’
v AMsZe D)1+ VY, (s)
Yo
1
2 2! m
A = max [ .’ 7+ 007 - 7oes? . 02)5)] , ()
¥ .n
(1 « —) (1 - abd)
Yo
with boundary conditions
'(31.t) s 1 4
eo,(!‘o‘) s 0, (8
o(t1,t) = 0, (9)

ani a suitable set of initial coniitions. Equations (1) and (2) express,
respectively, the balance of linear momentum and internal snergy. Herein v
1s the velocity of a material particle, o its mass denaity, u its shear
modulus, t a oharacteristic material length, k its theraal conductivity, ¢
its teaperature change froa that in the reference configuration, and s and
0 say be interpreted as the shear stress and the dipolar shear stress. A\
superimsposed dot indicates material time differentiation and a comme
followed by y signifies partial differentiation with reapect to y. The
constitutive relstions (3) - (6) give one poasible model of viscoplastic
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materials, Equation (6) implies that the plastic parts, As and As/L, of
the strain rate and the dipolar strain-rate vanish when

(82 + 65 < (1 4 %—)"(1 - a208).
0

Because of the non-dimensional variables being used, the initial yield
stress equals one in an isothermal and quasistatic reference test. The
material parameters ¥ and n describe the strain hardening of the material,
a the thermal softening, and b and m the strain-rate sensitivity of the
mterial,

We presume that the initial values of 6, s and ¥ are symmetric and of v
and o antisymmetric in y and seek solutions of equations (1) through (6)
with the same symaetry. Thus the problem is to be studied over the spatial
domain [0,1] and the boundary conditions become

v(1,t) = 1, v(d,t) = 0, (10)
6.y(1,t) = 0, Q,y(o,t) = 0, (11)
o(1,t) = 0, o(0,t) s 0. (12)

For the initial conditions we take
v(y,0) sy, ofly,0) =0, wiy,0) = y,

0(!.0) ] éo + é(y)p
(13)

8(y,00 s, (1 .*w;) (+ + bA3 Y"1 - anly,0)).
The values of 60' io and ¢ are such that, during homogeneous deformations
of the block, the shear streass 'O and the strain corresponding to v lie on
the shear stress-shear strain curve for the material. A in Eq. (13)5 is
given by 8q. (%) with 6 = 8y 8 = 80 V¥ 0 0. The function 6

desoribes the aberration in the initial temperature distribution and will
result i{n noa-homogeneous deformations of the body.

B. Wumerical Integration of Governing Equations

1. Crank-Nicolson-Galerkin-Finite-Elewent Method.
¥ith the auxiliary variables

us 'o, » € s 8, , P x 01' ’ QL))

y
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we can rewrite equations (1) - (4) as

08‘1'(3- lp)v ’ (15)
o y
0 2 kg, + A8 + &), (16)
s = ylu = As) , (17
6= tulu,. - Loy . (18)
'y %

Thus only first order spatial derivatives of the unknowns v,0,s,0,u,g and p

appear in he governing equations. Let H1 denote the space of functions
defined on [0,1] the square of whose first order derivative is integrable
over [0,1]. We approximate the unknown functions v,6,s etc. by s linear

combination of the finite element basis functions {¢i(y), 1z2,...N} in an
N-dimensional subspace of H1. For example,

v(y,t) = vi(t)¢i(y). (19)
Throughout this article, a repeated indiex implies summation over the range

of the index. Using Galerkin's’ method we thus reducs equations (14)
through (18) to the following set of equations.

"1Ju1 s 'Qijvi . (20)
"13‘1 s -Q“e1 ' (21)
nljpi = -Quo1 ’ (22)
Mygiy = = 3y, + ﬁ Py (23)
"1Jé1 s -injgi . AiPij , (24)
"1361 sy H“u1 - u NS, R1Jk , (25)

3 (26)

"1301 s =yt qijui -V Aiok RiJk ]

where




1
Mij z./(; ¢i¢de = Mji . (27)

1
Qij E‘/(; ¢’i¢J,y dy , (28)
. 1
1
Rijk E,/; ¢1¢J¢k dy = RikJ = Rkij , (30)
1 2 2
PiJ s[) ¢i¢J(s + 0%)dy = PJi . (31)

We note that because of the nonlinear dependence of Pij and A upon s, 0, ¥

and 6, the coupled set of ordinary differential equations (20)-(26) is not
that easy to integrate. The matrices MiJ’ Qij’ Qij’ Rijk and PiJ have been

evaluated by using the linear basis functions. Also vi(t) denotes the
velocity of node 1 at time t.

In the Crank-Nicolson method, equations {20)-(26), assumed to hold at
time (t + At/2), are used to preduct the values of v,8,s,0,g,p,u and ¥ at

time (t + At) from a knowledge of their values at time t. This is accom-
plished by approximating ei(t + At/2) by (ei(t + At) - ei(t))/At,

Gi(t + A%/2) by (Si(t + AL) &+ Oi(t))IZ, etc. and by first evaluating the

nonlinear terms on the right hand side of (20)-(26) at time t. The result-
ing system of linear algebraic equations is solved for vt(t + At) ete., the

right-hand side in equations (20)~(26) is now evaluated at time (t + At/2)
and the systea of equations solved again for vi(t + At) ete. This itera-

tive process is continued till, at each nodal point,
A A0 A A
7+ 158+ 153« 18 + laol + Jag] + lap] + Jau] s (32)

where subscript i has been dropped from vy etc., Av denotes the difference

between the newly found value of v and that used to compute the right-hand
side in (20)-(26), and ¢ is a preassigned small number. The initial con-
ditions (13) were used to find vi(o) atc.
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2. Forward-Difference-Galerkin-Finite-Element Method.

In this method the field equations (1) and (2) were first cast into
a weak form. Let ¢ and ¢ be two smooth functions defined on [0,1] such
that ¢(0) = ¢(1)=0. With equations (1) and (2) multiplied through by ¢ and £
respectively and with use of the boundary conditions (10)-(12), integration
by parts over the interval [0,1] gives

1 i 1 . 1
Y E - - y d - » d »
Lv:pd)’ 5 /;s‘» y y pj(;cw yyy (33)

[y

1 1 1, )
fﬁdy=-kf9,£. dy+[/\(s + 07)E dy , (34)
0 o Y Y 0

Let the interval [0,1] be divided into (N-1) subintervals, not necessarily
of equal length. Thus N is the number of nodes in the mesh. Let ¢g ’ ¢;
(1=1,2,...N) be the Hermite basis functions’, and ¢, (1=1,2,...N) the

finite element basis functions introduced previously (e.g. see Eqn. (19)).
We impose the following approximations on v and 6.

V(y,8) = v, (8) 63(y) + 7,(8) o (y) , (35)
e(y.t) 2 ei(t) ¢1(Y)- (36)

Here ii(t) is the value of v, at the node 1 at time t. Hermites basis
functions ¢g, ¢§ can be constructed by matching together element shape
functions 6?, Gg, 5%, @% and similarly ¢,(y) can be obtained by matching 51
and ¢2. In the Galerkin approximation, the same set of basis functions are

used to approximate the test functions ¢ and £ as are used for v and 6.
Recaling that equations (33) and (3%) must hold for arbitrary ¢ and £, we
arrive at the following set of ordinary differential equations,

lﬂﬁl-?' (37)

~ ~

He=-Tg+N. | (38)

10
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Here
W= (Vo YqsV0sYar seey V 1T
W 1Y 9 2:'Y20 eey N’YN ’
g = {91,92, ...,QN}T ’
T N-1 T
F= {F1,F2, ceey FZN} = I {fJJ, f(J+1)J’ f(J+3)J} ’
J=1
f ¢ 3 ¢° +0 ¢0 \
JJ 1,y 1,yy
r Yo' 4o *
(J+1)J 1,y 1,7y
= t
¢ s ¢0 + 0 ¢0 { W
(3+2)J Q5 2,y 2,y
1 1
£ (3¢ ro¢ J
(J+3)J 2,y 2,yy
00 10 00 10
(b9 b ¢ ¢ ¢ % ¢
11 11T 21 21

N-1
¥=Z/ [ ay ,
0.0 10 0 10
3L oo 66 66
2 2 2

0
J < 1 2 22
L 01 11 01 11

$ ¢ % ¢ $ ¢ $ ¢
12 12 =22 22

with similar definitions for H, T and W. In the above integrations Q, is

the region occupied by the Jth element. These integrals are evaluated
nunerically by using the 4-point Gauss integration rule. Explicit expres-
sions for the matrices in Eq. (38) are not stated above since they are
given in many books on the finite element method, e.g. Becker et al.’

11 &
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Equations (37), (38), and (3)-(5) are integrated with respect to time t
by using the simple forward-difference method. The solution of equations
(37) and (38) gives nodal values of v, v, and 6 at the next step. From
these, values of v,y,9, and v,yy at the Gauss points of integration are

calculated by using the interpolation relations (35) and (36). For each
Gauss point, Eqs. (3)-(5) are integrated to obtain the local values of s,0,
and ¢ at the next time step. Because the integration scheme is only condi-
tionally stable in the linear case, the time step has to be kept very
small; its value is dependent on the grid size, the material properties,
and the present deformations of the body.

C. Computation and Discussion of Results

In order to compute numerical results the following values of various
non-dimensional parameters that correspond to a typical hard steel were
chosen.

o =3.928 x 107° , «

3.978 x 1073, a = 0.4973 , u = 240.3 ,

5 x 106, m = 0.025 .

n = 0.09 , wo = 0.017 , b

For homogeneous deformations of the block, the peak in the shear stress-
shear strain curve occurs at a strain of 0.093. The uniform temperature
6, = .1033 in the block when Y = 0.0692 was perturbed by adding a smooth
tgmperature bump

2
o(y) = 0.1 (1-y2)9 &7
and the resulting initial-boundary value problem was solved by using the
aforementioned two methods. In each case no attempt was made to use
diagonal matrices equivalent, in some sense, to those computed by using the
basis functions. The domain [0,1] was divided into 13 subdomains with
nodes at 0, .05, .10, .15, .20, .25, .34375, .43750, .53120, .6250, .71875,
.81250, 1.0. For the forward-difference scheme various integrals appearing
in the expressions for F, M, H, T and W were evaluated by using the H-point
Gauss quadrature rule.

When ¢ = 0.0 and 0.01, the forward-difference scheme necessitated tak-
ing At = .5 x 10-7 in order to obtain a stable solution. However, for the
Crank-Nicolson method, At = .1 x 10'1l was found to give a stable and
acceptable solution since the results obtained with At = .5 x 10-5 were
found to be indistinguishable from those computed with the larger value of
Lt. As is clear from the two sets of results shown in Figs. 1 and 2, the
non-physical damping introduced by the Crank-Nicolson method results in the
delayed response as compared to that obtained with the forward-difference
method. As is discussed in Reference 6, the development of a late stage
plateau is a numerical artifact and does not represent a physical phenome-
non. The plateau was also developed in the solution computed by using the
forward-difference method even though it is not depicted in the figure.

12
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The spatial variation of s at late times also indicates some kind of numer-
ical instability. Since the average applied strain rate is unity, the
abscissa also represents the time measured from the instant (denoted by I
in Pig. 1) the uniform temperature field is perturbed. On an ISM 4381 com-
puter, the CPU time required to compute the solution by the finite-differ-
ence method was nearly three times that needed for the other method when €
in Eqn. (32) was set equal to .01.

Figures 3 and 4 compare the solutions for £ = 0.0 and ¢ = 0.01 obtained
by the Crank-Nicolson method and the forward-difference method. 1In each
case, g = 0.01 results in a delayed response in the sense that ?p(o,t)

begins to rise to its maximum value slower ani later. However, the two
integration techniques depict a similar qualitative difference between the
solutions of governing equations for £ = 0.0 and £ =z 0.01. We have plotted
only ip(o,t) versus t in a2ll of the figures since the ?p(y,t) is maximum at

y=0 and the rate at which ?p(o,t) builds up is important in physical pro-

blems. The evolution in time of other variables, the spatial variation of
these variables at different times, as well as the effect of choosing dif-
ferent perturbations 6(y) have been given in [6,8,9].

Whether or not the introduction of auxiliary variables in the FDGFE
metehod will permit the use of a larger time step remains to be seen.
Also, the use of automatic time-step control as discussed by Chandra and
Mukherjees may improve the efficiency of the FDGFE method. Further work in
resolving some of the issues raised herein and selecting an optimum value
of At is currently under progress and will be reported on in future.
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PRIGRAY ADIAB(L'IPUT,JUTRYT,TAPES* L IPUT, TAPEG=JUTPUT)
DIMENSTIN YCORN{INI,HOOE(2,37)s EMASS(10),ANASS(4y42)
¢ HFNACE(H2),EFORCE(4), TGDAT(3))
DIMENSIIN LD(4), ETAU(S)»YY(2),ESIG(S), WOIRK(5,30)
+ HVELDIT(31), DODOT(%,30), SIGMA(35,30)
+ »PGIIT(S5,30),P20NT(5,30),EGDIT(5,30), TEMP(S,30)
+ »PGAMA(5,100),S51(5,120),TYP(31),P0(5,100),TAU(S3,30)

READ THE IMPUT DATaA

[aNalaXal

READ(5,1000) CMyCN,BETA»A,B,SI2RHYCY
PEAN(S,1710) MT,NINT,NT,CK,CJI»GDITO,CNI,CHHU
PEAD(35,1320) NUMEL»IODES ) IPRINIT,, L ,HY
READ(5,132%) TIME,QSTAPT

CMUJeC 1U*1000,

[a X al

1200 FNRMATIBFLO.4)

1010 FORMAT(I®, 13,6720.4)
10219 FNPMAT(3IIS,2F12,.5)
1025 FORMAT(ELQ.4,F10.4)

PRINT 0" THE THPUT DATA.

[aXaXa)

WRITE(6,2000) CM,CNyRETALAPR,STQ,RH0,CY
WRITZ(4,2010) HT,NIMT,DTHCK,CJoGNOTOLCM),CNU
WRITE(4,2029) "UMSL, MODES,)CLoHT, NPRINT
NRITE(6,°025) TIME,RSTARY

GE'IZRATE MODE N'IMBERS A'1D “IW-DIMENSIO'IAL CNORDINATES.
CALL SRIND(YCORD,HIDE, HODES, NUMEL )

[aXu¥aNal [a R NaNal

PRINT NIT THE MON=OTHENSIIHAL NODAL COORDINATES.

00 3% Jel,NODES
35 WRITS(A,2030) J, YCARD(J)
DO 49 ls1, NUMEL
&0 WRITE(6,2740) I,NT0E(1,1),400€(2,1)
2000 FORPMAT(SY, "Me' yE15,35/5X, 'N=',E15,5/75%, *BETAw?, E15,5/
+ S5XytAet ,E18,5/5X, 'Rt ,E1%,5/5%,05[0e%,EL1%5,9/
* SYIRHO=T,E15.5/9% 'CVu?, E15,9)
2010 FJRMAT(S5Y, *H0, OF TIME STEPS e, 110/
SX»'HN, NF INTEG, PAINTS USED IN NUMERICAL INTEGRATION e¢,19%/
S5Xp ' TIME INCREMENT o',F15,5/
5Xs ' THERMAL CONDUCTYIVITY o%,E15,5/79%
2'FACTNR TN CONYERT FRIM JOULES T) KG=M e?,E195,5/
5%, VORESCOYIBED STRAIN RIATT s, Ef13,8/9X,°9) = V,E15,9%/
SXptil) w ,E15,5)
2020 FIRMAT(SX, "'IUNBER OF ELSME'ITS =*,110/3X,
¢ MIUYMBER NF NINES e, 11)
* /85X, "MATERPIAL LEMGTH = ¢,C515%,%/75X,
+ YMEIGHT NF THE SPECIME' (M4 IM METERS ) e 1,818,5
+ /5%, YPPINT TNTEPVAL =',78)
202%  FORMAT(S5X, 'TIME AT THE START NF THIS RUN ', E15,5/9X,
+1PESTART JOB TF OSTART = I,0;NTHERWISE NOT AY,1X,
+IRESTART JOB.'/5Y, "RSTART = *,F15,.9)

LN R AR IR 2 4

C COMPSTE NM=DIMENSINIAL NUMREDRS

CKAPA) = RETAS(ST0ear))
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€001¢?
coo110
000120
001130
000140
0001350
000160
goo170
000180
€oo190
coo2¢0
800210
€00220
€00219
000231
000240
000259
00013Co
00013130
000340
00039%0
0co3ny
c0013e0
00030
€004scO
000410
€00420
0004130
C0a4l
000440
000420
0004 ¢0
000470
000400
000460
0003¢CO
Co0%10
0003520
000330
0009540
©003350
000360
000570
000300
000990
0coeco
000410
000e 20"
000630
00640
€00¢ 30
cooeed
000e 0
000600
0006490
¢c0700
000710
000711
600712
00071}
000720
06070
000780
co07%



(2 X s Xal

" v mvE AT VL)
A s ASTR
BACTL = 4,00CK/{HTOHTSRHOSCVEGNITO)
FACL = 2,eCL/M4T
RHD = RHNG({HTEGDIT0/2,)292) /CKAPAD
RHNLe]l 0/RHD
CRU = CHI/CKAPAD
CNY & CHUS2, /(CKAPANSHTSCL)
WRITE(6,2055) CXAPAQ,FACTL RHNH)CNUICWH A, TR

2053 FORMAT(SXy 'KAPAQ © *HEL5.5/75Xs *THERNAL FACTI® o *,E15,3/9X,

o PINEXTIA FACTIR = ', E13,3/3X, "RUSAR = *,£13,5/3X,
S NU=YAR & 9,E13,9/5X, 10 1=DINENSTMAL A = % ELS,8
* ISXN,YREFERENCE TEWPERATURE « Y,E19,9)

2030 FORMAT(S5X,19, F195,.9)
204 FORMAT(SX, 311D

READ THE PARAMETERS CONTRILLING THE DIST'MEANCE.

READ(3,1000) ALFA,CNNEPSILN
READ(3,103J3) HTAUSNGP, HS I, HGPONT, HTY®, 4¢T
READ (5,1071) TINE,NTAU, 4GP, 4T, 4TI, HST, HC*D0T

Cl‘”l FMNAT (30X,E20.10/10%,E20.10/24X,820.10/23X,€20,19/

¢
c

VAN ON0

e o Na¥aXakaXaXa¥Nal N N0

[a N o X,

* 23%,E20.13/14X,£823.10/30%,E20.10)
WRITE(6,2031) MY AU HGP,HET, 4TS, A4S, HEPONT
WRITZ(A, 20300 ALFALCHN,EPSTL M

2030 FORMAT(IX, 'VALUES N¢ VARI\BLES CONTRALLING THE DISTURAANCE ¢/

o SXH'ALFA ® YLELT.9/5Ks N o HELS. /5K, EPSILON @ *,EL5,.9)
GENERATE VALUES OF SHAPE FUNCTIONS AND THEIR DERIVATIVES.
CALL SHAPES (NINT)

CALCUALTE VALUES N& QANA-0NT AND D-00T CAUSED BY
THE IMITIAL DISTURBANCE.

IF(RSTARY  NE.O,0)

oCALL NISTIWR(YCIRD,4I0€, ESOOT, 00007, ALFA,CHIN, EPSILON
® SNUREL,MINT, TEN®, TN, MNDES, NTYP |}

CALCULATE THE INITIAL YIELD STRESS.
CK » ((1,004S1/310)00CNH)®{],00004D0T0OHGPINT) ¢0CN

TAUO = TAND/CRAPAL.

Tau0 « HvAU

0007¢0
000770
000700
¢00 790
000200
0000¢S
000810
600820
000830
0coe840
00830
cooeed
cooe70
co0e8d
€0089%0
00049001
¢ga910
00920
000930
000911
o092
€ooe1d
000934
€0093%
€009%40
800920
€009¢0
00970
00099
000990
Q010¢0
001010
001020
Q01030
001040
001041
0010%0
0010¢0
001070
001000
0010690
001100
01110
001120
¢oi130
801140

SEY INITIAL STRESS o YIELD STRESS. THE INITIAL OISTURBANCE ALTERSO001130

THE TOTAlL STRAINM RATE AT A NODE POINT,

SEY THE INITIAL STRAIN RATS « STRAIN RATE DI TO WINOGENEOUS
DEFIONATION o STRA'M QATE CAnSED OY THE OISTURBANCE.

NON=NIRENS IMNALIZED STRAIN RATE DUE TO WIRIGENEWIS DEFORNATION

1S EWAL 7O 1.9

IFIRSTARY,.£Q.0.0) €0 TO 93

MM 43 MEL = 1, tUREL

90 4% INT o 1, NIVY

CEOITIINT,"MEL) o EGAITIINT,N"L) ¢ 1.0

ConTing

SEY IMITIAL STRESS o STRESS CAUSED BY THE DISTURAMICE o TALO
STRESSES CAUSEN OY TME DISTURQANCE ARE TAKEW EQUAL T0 O

M 4o I o 1,0MEL
90 46 J o 1pNIN”

21

001100
eci170
001100
001160
6612¢0
0di219
001220
001221
8012%
001240
ec1220
001200
eol12m
co12¢0
0C12%0
e413¢o
011310




TR = CKAPAO/ (PHSCVEL)) Ca07¢0
A = ASTR 000770
FACTL @ 4,0%CK/(HTSHTSRIHI*CV*GNITO) 000780
FACL = 2,*CL/MT 600790
RHO = RHNS({HTLDNTN/2,)8%2) /CKAPAD 000800
RHAI=1.0/RHY 0008¢C35
CHU = CMVI/CKAPAD Qaon10
CNY e CHMUS24 /(CKAPANSHTSCL ) 00820
VRITE(6,2055) CKAPAO, FACTLIRNY, CHUSCN), A, TR 00008130
20595 FORMAT(SXs 'KAPAO = *HE15.3/9Xs*THERMAL FACTIP = 0,E15,.5/5X, ccos40
¢ VIHEATTA FACTIR » *,E15,3/9X, "MUSAR = ',EL135,5/5Xs cooe8c0
* THU=TAR & ¥,E1%,5/5X, I0I-DTMENSTIMAL A = 9, EL1S5,.5 cooeed
+ 13X, 'REFCREMCE TEMPERATURE = ',E1S%.%) ccoavo!
2030 FORMAT(ZX,13, F15.3) cooaeo
2049 FORMAT(5X,3I19) 00890
C 0004900
c READ TYE PARAMETERS CONTRILLING THE DISTURBANCE, 00910
C 00920
READ{55,1009) ALFASCHNN,EPSILON 000930
QEAD(35,1730) HTAUSIHGPIHSIHHGPDAT, HTYS, HGT €00911
C PEAD (9,1031) TIME,HTAU, 4GP, 46T, T4, HSI, HGPDOT 00932
C1l931 FIRMAT(3NX,E20,10/10%X,E20.10/26X,520,10/?3X,E20,19%/ €00923
o * 23%,E20,10/14X,E23,10/33%,£20.10) 000934
c WRITE(4,2031) YT A'1HMGP,HGT, UTHE, A4S T, HGPDDT €00923
WRITZ(4,2050) ALFA,CHN,EPSIL M €00940
2050 FORMAT(SY, *VALIJES NF VARIABLES CONTRALLIMG THE DISTURBANCE*/ 0009°%0
¢ SX,'ALFA ® Y,E19,9/5X,'N = 'HE15.5/5X, EPSILON = *,EL15,.5) 0009¢0
c €00970
¢ GE'NERATE VALUES OF SHAPE FUNCTIONS AND THMEIR DERIVATIVES. 000981
c 000990
CALL SHAPES (NINT) ¢o10c0
c 001010
c CALCUALTE VALYES NF GAMA-DNT ANO D-DOT CAUSED BY 001020
C THE IMITIAL DISTURBAMCE. 001030
C 001040
IF(RSTARY . NELD,0) 001041
+CALL NIST'PB(YCIRD,NIDE, EGOOT,0000T, ALFA,C!HN, EPSILON 001030
o JHYMEL, MINT, TE'1®, THP, NNDES, HTHP ) 0010¢9
C 001070
c CALCULATE THE INITIAL YIELD STRESS. 001080
Cr = ((1,004S1/ST10)0eCN)®(1,7+8¢GDOTOSHGA0NT)eoCN 001060
C 001100
c TAUVO = TANO/CKAPAD. 001110
C 001120
TAUG = HYAU 0011130
(4 001140
c SET IMITIAL STPESS « YIELD STRESS. THE INITIAL OISTURBANCE ALTERSGO1l30
¢ TUE TOTAL STRAIM RATE AT A NODE POIMT, 001160
¢ 0c1170
¢ SET THE INIVIAL STRAIN RATZ = STPAIN RATE OUE YO HANOGENEOUS 0011¢e0
c VEFIPHATION » STRATN QATE 7ANSED AY THE OISTURBAMCE. 001160
C NNN=NIMENSTIMALEIZED STRAIH RATE DUE TO MINIGENENS DEFORMATION 001260
¢ 1S EWAL T3 1,9 001210
¢ g01220
IF(R57APT.€7,0.0) 60 TO 9% 001221
I &3 HEL e 1, CWMEL 001230
0N &% INY o 1, HINY 001240
EGOITIINT, NEL) = EGNIT(INT,NL) ¢ 1.0 gc1220
4% CONMTINNE 001260
< SET IMITIAL STRESS o STRESS CAUSED BY THE DISTURAMNCE o TAUO 001271
¢ STPESTES CA'USED Y THE DISTHRQANCE ARE TAKEN EQUAL TO O co12¢0
¢ 0C1240
PN 46 I w 1,NMEL 0013¢0
NI a6 4 = 1,NINT 001310

22




SIGMA(J,I) = 0,0

46 TAU(J)I) = CK*(1,0=-A*TEMP(J,I})

55

60
1970 FORHAT(10X,3E20.12)
1971 FORMAT(2X,4E19,12)
1772 FOPMAT(2X,2E19.12)

1075

70

C

CONTINYE

FOR THE PESTART JNB, READ VELICITY,TEMP,SI»TAU»SIGMA.
IF(RSTART,ME.D.0) GO TO 70

D0 60 NEL = 1,HUMEL

00 60 INT = 1,MINT

READ(55,1070) TAUCINT,NEL)» SIGMA(INTSNEL),» PGANA(INT,NEL)

READ(3,1071) SICINT,HEL)»PGDOT{INTINEL }s TEMP(INTHNEL ), PD(INT,NEL)

READ(5,1C72) EGDNT(INT,MEL ), DDDOT( INT,NEL)
CNNTTHUE

DN 65 NGD = 1, MNODES
READ(5,1075) VELDAT(NGD),TGOQT(NOD), THPINOD)
FORMAT(15X,3E13,7)

CALL DD(DDDOT,NINT,NUNEL,NODE, VELDOT,TGDITs YCORDSEGDOT»DT, NZERDS

SNTT)

CONTYNUE

CHI=1,/CH

GDOTIY = 1,0/6NP0T0

c
1130 FIRMAT(6F12.4)

2031 FIRMAT(S5X, "MTA'l w,E13,5/5Xs *HG® = ¥5E15,5/5Xs *HSF =?,E15,5/

c

ONOOOOO

[a N gl

aANOOO

WRITE(65,2031) HTAUNHGP,HSI,HGPDOT,HTMPHGT
* SN 'HGPDAT =',E15,3/3X, '"MTHP «®,EL15.5/5X,"'HEGT =*,E15,9)
NDF =2¢NODES

N8=4
DO 990 NTTs1,NT

INITIALIZE THE GLOBAL MASS MATRIX AND THE GLOSAL FORCE VECTOR,
THE MASS MATRIX IS GEMERALIZED IN THE SENSE THAT IT INCLUDES

001320
001320
cClan
001332
0013133
001334
701335
001326
C011327
001338
0013139
001340
001341
001342
001343
001344
001345
001346
001347
001349
001350
001355
001370
0011390
0011396
001397
001398
001399
0014¢0
aQl470
001480
001490
001300
001510
001520

THE INERTIA TERMS APPRIPRIATE FOR 0—-DOUSLE OO0V, THE FORCE VECTORO01530

EQUALS THE RESULTANT OF FNRCES CA'JSED BY STRESSES AND
DIPILAR STRESSES NUE TO THE DISTURBANCE.

D0 50 =1, NOF
FORCE(I)=n,0
IF(NTT.NE.1) 67 TO 50
00 49 Je)l,MD
AMASS(J, 1) = 0.0
CONTINUE

TINE = TINE + DT*GONTOY

HCOUMT = NTT/YPRINT
NZERN o HCO'MT & NPRINT - NTT

EINN THE HNYOGENETIS SOLUTIIN FO® THE PRESENT VALUE OF TINME.

CALL 10MNG(4TMP, HGT, 4GP » ITA'), HST,CHI, CMNsA,B,GROTO
* 5, £9),07,810, TINE, HGPONT,NZERD)

ASSEMBLE THE GLIBAL MASS MATRIX,

D0 900 MELN=l,“WNEL
20 109 le1,2
TIeNODE( I, NELY)
YY{1) « YCORD(1I)

100 CMTINIE

23

} @

001540
001950
0Cc1560
Q01570
001580
001560
001600
oclealo
001630
001640
0016350
001660
001670
001680
001650
0017¢a.
001710
001720
001730
001740
001746
001750
001760
001770
Qo17¢0
001760
co18Co0
001810




|

DO 105 INT = 1, NINT 001820
ETAUCINT) = TAUCINT,HELM) 001820

105 ESIG(INT) = SIGHA{INT,NELY) . 001840

C 001830
C CALCULATE THE ELSHENT MASS MATRIX AND THE FIRCE VECTOR 001863
c 00187
CALL ELEMENT(YY, ETAY,ESIGs EFORCE,EMASSsNINTSFACL,NTT) 001880

ng 110 I1s=1,2 © 0018s0
Ji=2011 0019¢0

I = NIDE(II,NELN)#2 001910
LN(JI=1)eI~1 001920

110 LDGJJ) =2 €01920
MCs=0 0€1940

DO 13) Ilsl,4 001930

I=LD{1I} 0019¢€0]
FORCE(I) = FOPCE(I} + EFORCE(II) 001970

IFINTT,HE.1) GO TN 130 001960

D0 129 JJ=1,11I 0019690

MC=MC+1 0g20C0 -

M=LD(JJ) 002010 .
IR=MINO(I, M) cg2020

IC=IABS(I-M)1+1 002020

129 AHMASSIIC,IR)=AMASS(IC,IR)+ENMASS(NC) 002040
130 CONTTMUE 0020¢0
200 CANTIWIE 002070
NN 915 J=1,MOF 002080
FORCE(J) = FORCE(J)*RHIT co2085

915 CANTINYUE 002€¢:50

c 002110
g MODIFY THE MASS MATRIX FOR THE PRESCRIBED BOUNDARY CONDITIONS, CngZO
: 002130

C AT THE B80OUNDARY NMDES (THE FIRST AND THE LAST NODE) 002140
c GAMA AND VELICITY IS PRESCRIBED. 062150
¢ THEREFOREs, WE SET GAMA — DOUBLE-DAT = 0,0 AND ACCELERATION = 0.0 002160
C AT THESE NODES. Q02170
[ 002180
IT = 28NODES-1 002240

CALL HODIFYL1,0. OpAHASS:FORCE:NDF;HBoH!) 0022%0

CALL ﬂOD!FY(II:0.0’AHASSpFORCE:NDF:NB:HB) 002285
IF(NTT.E2.1) €022¢s

+CALL SNLVE (AMASS,FORCE,NDF,MB,MB,1) 002270

CALL SOLYE(AMASS,FORCE,NDF,MB,M8,2) cQ22e0

c 02290
C 0022300
C 002310
¢ NOW THE ARRAY FORCE CONTAINS TOTAL MODAL ACCELERATIONS AND NODAL 002320
C STRAIN DQUBLE-DOTS CAUSED BY THE DISTURBANCE. SROM THESE VALUES FIND(C02330
c WALJES OF DDAT, 002340
< 0021350
C TRANSFER VALUES FROM THE ARRAY FORCE INT ARRAYS VELDOT AND 0D0OT, 032360
c 002370
2110 FORMAT(3X, *ACCELERATION DYE YO DISTURBANCE AND TOTAL GAMA-2 DOT'/ 002350
+ 5Xs 10D #',5X, *ACCELERATIONY,5X, *GAMA-NOUBLE DQTY) 02400

00 207 1 = 1, NIDES 002410

Il = 2] 002420
VELDOT(I) = FORCE(II-1) 002430
TGDIT(I) = FORCE(II) 002440

2100 FNRMAT(5X, I15,2513.5) 002460
200 CANTINNE 002470

c 002480
c 002510
C FIND PLASTIC PARTS JF EGDQT AND DDNOT. NENOTE THESE 002520
C 8Y PGONT,PONOT, 002530
4 002549

24

a__ .



(e X 2]

[z Xa XXy

985

980
2290
2400

CALL PLASTICISGDAT,0000Ts 260 IT»PNDTT, CMISGDITOs SIGMAS CNs
+ AsB,CHULCMUSDT, TAUN, TENP,SIO0s NTTSNUMEL, HIMT,WORK, TAU
+sHST, 4GP, HGPDNT, PGAMA, ST,RSTART, PD)

CALCULATS TOTAL DDOT AND TOTAL 6DOT.
Ca%%,OD(DDDDT:NINT:NUHEL:NODE:VELDOT;TGDDT)YCURD’EGDUT:DT,NZERD)
+

SOLVE THE THERMAL PRIBLEM

CALL THEPM(TEMP ,NWNRK,FACT1, NUMEL»NINTsNTT,OT,TNO
+ »YCIP.Dy NODES, INNE)

IF(NZERD. NE. O) 617 TO 990

NJ 985 HEL = 1,ilUMEL

DO 983 IMT = 1, NINT

WRITE(652400) MEL, INT, TAUCINT, NEL)»SIGMACINT, NEL }5PGAMA(INT,NEL)

0023520
€025¢0
Co025¢y
€02570
co25Mn
002572
002573
002620
002630
002640
002650
0026¢0
0026¢€1
002670
02689
002690
002691

WRITE(652401) ST (INTSNEL),»PGDNT{INTsNEL),TENP(INTLHEL),PD{ INT,NEL) 002692

WRITE(6,2401) EGDOT(INT,NEL),ODDOT(INT,NEL)
CONTINUE
NN 980 NOD=1,HINES
WRITE(6,2290) NND,VELDOT{NON), TGOAT(NID)»THP(NID)
FIRMAT(19X» I553E15,7)
FORMAT (2Y, 214,3€20.12)

2401 FODMAT(2Xs 4E19.12)
990 CONTI'tUE

3500
600

2105

2100

sTar

END

SUBROUTINE HOMNG(HTMP,HGTy HGP »HTAUsHSI»CMI, CNy»AsB,GDOTO
+ 5 CY,DT,SI0,TIME, HGPNOT,NZERD)

HCKAPAL = (1.0 + HSI/SIQ)**CHN

HCKAPA = HCKAPAL #* (1.0 = A * HTMP)

QT=HTAU/Z/HCKAPA

IF(QT.LT.,1.,0)G7 TO 500

R2=QT#*CHI - 1,0

GAMA = R2/(B*GDOTO *HTAY)

60 T 600

WRITE(6,2000) QT,TIME

GAMA = 0,0

CONTINUE

HSIDOT s GAMA*{HTAUSHTAU/HLKAPAL)

HGPDOT = GAMA * HTAl

HTMPDIT = HGPNOT * HTAU

HTAUDT=CMU*(1,0=-HGPDOT)

HSI=HSI+HSIDOT*OT

HTAUSHTAU+HTAUDT *0T

HGP=HGP+HGPDOT*DT

MHGT=HGT+ DT

HTMP = HTHP + HTMPOOT#DT

IF(NZERG.EQ.OINRITE(6,2005) TIME,HTAUsHGP»HGT,HTMO, HS T HGP LOT

FORMAT(3X, *HOMOGEMETUS SOLNe. AT PHYSICAL TIME (SECS.) =*,E20.10/
* SX,'TAU =9,E20,10/5X, "GATA ~PLASTIC «®,E20.10/
+ S5X,'TOTAL STRAIN =',£20,10/3X, 'TEMPERATURE = ¥, E20,10/
+ 5X%X,'SI » ',E20.10
* /85X, 'PLASTIC STRAIN=RATE =',E20,10)

RETURN

FORMAT(SY, 'FOR THE HOMOG. SILN. THE MATERIAL IS DEFNRMING?
* HJIX,"ELASTICALLY??

+3Xy 'PATIO OF STRESS TO HARDEMING FUNCTIONN =?,F15.5/
‘g:;'C"RRENT VALUE OF TIME = Y,F15,5)

SUBPWTINE SHAPESININT)

COMMIN/SHAPES/SHAPO(2,5) »SHAPL(2,55)5DSHAPO(2,5)» DSHAPL(2,5)s
+ DDSHAPO(2,5),0054APL(2,5),SHAPB(2,5),D5:4APB(2,5)

25

}4l

002693
02694
002695
C02¢€96
002697
002698
€02699
002720
002740
0027°%0
C027¢0
002770
0027¢0
002750
02800
002810
002830
002840
0028350
0028¢0
002870
002880
002890
002900
€02910
002920
002930
002940
02930
002960
002970
002980
002969
003000
003010
003020
003021
003030
003040
003050
c030¢0
003070
003080
003050
003100
Q03110

AN




DINEMSITN SI(4)
SI(1) = =0.861134311504053
SI(2) = ~0.,339781043584856
SIt3) = - SI(2)
SIt4) = ~ SI(1)

C
€ EVALUATE THE SHAPE FUNCTIONS AND THEIR DERIVATIVES,

c

¢

100

50
100

¢
2010

DO 100 I = 1,MINT

S=SI(I)

SHAPO(1,1) = (2,0 = 3,0%S + Sx%3)/4,0
SHAPI(2,1) a (2,0 # 3,0%5 - S*%3)/4,0
SHAPL(1,T) = (1.9 = S = S*5 + $%23)/4,0
SHAPL(2,7) = (=1,0= S + S*S + S**3)/4,0

DSHAPO(1,I) = (=3,0 +3.,0%5%5)/4,0
DSHAPI{2,I)= (3.0 = 3,0%5%5)/4,0
NSHAPL(1,I)e (~1,0-2,0%5+3,0%5%S)/4.0
DSHAPL{2,I)= (=1.0 +2.0%S 43,0%5%5)/4.0
DDSHAPO(1,1) = (6.,0%S5)/4.,0

NNSHAPO(2,1) = (=6.0%S5)74.0
DDSHAPL(2,I) = (—=2.,0+6.0%5)/4.0
DOSHAPL(2,1I) = ( 2.0 + 6,0%5)/4.0

SHAPB(1,I) = (1.0 - S)/2.0
SHAPR{2,1) = (1.0 ¢ S)/2.0
DSHAPB(1,I) = =1./2,
NSHAPB(2,I) = 1./2,

CONTINUE

RETURN

END

SUBRTUTINE ELEMENTLYY,ETAU,ESIG,EFORCES EMASS,HINT,FACL,NTT)
COMMOM/SHAPES/S1AP0(2,5)5SHAPL(2,5)5 DSHAPO( 2, 5)s DSHAPL(2,5),
+ DDSHAPO(2,5),DDSHAPL(2,5)»SHAPB(2,5),DSHAPB(255)

DIMENSION YY{2)s ETAU(5), WEIGHT(5), EFORCE(4)»ERASS(LO+ESIG(S)
VEIGAT(1) = 0.347854845137454

WEIGHT(2) = 0.652145154362546
WEIGHT(3) = WEIGHT(2)

WEIGHT (4) = WEIGHT(1)

MC=0

D0 100 I = 1,4

EFORCE(I) = 0.9
IF(NTT.MNE.1) 67 TO 100

00 50 J= 1, I

MC=NC+1

EMASS(HC)=0.0

CONTINUE

01 200 INT = 1,MNINT
WT=YEIGHT(INT)

DJAC = (YY(2) = YY(1))*0.,50
WRITE(6,2010) DJAC
FORMAT (5Xs YOJAC = '5E15.5)
IFINTT, NELL) G TO 185

ST2 = WT4DJAC

EMASS(1) e EMASS{1l) + SHAPO(1, INT)*SHAPO(L, I'IT)*ST2
EMASS(2) = EMASS(2) + SHAPO(1,INT)*SHAPL(1, INT)*ST2
ENASS(3) = EMASS(3) + SYHAPL(1, INT)*SHAPL(1, INT)*ST2
EMASS(4) = EMASS(4) + SHAPO(1, INT)#SHAPO(2, INT)#*ST2
EMASS(5) = EMASS(S5) + SYAPL(1,INT)*SHAPO(2, INTI®#ST2
EMASS(5) = EMASS{A) + SHAPO(2, INT)®SHAPO(2, INT)*ST2
EMASS?T7) = EMASS(T7) + SHAPOQ(1, INT)#SHAPL(2,INT)*ST2
EMASS(3) = EMAS3(8) + SHAPL(1,INT)*SHAPL(2,INT)®ST2
EMAS3(9) = EMASS(9) + SHAPN(2, TNT)ASHAPL({2, INT)#ST2
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003130
0031¢0
063170
003190
0032¢0
63210
003220
003220
003240
€032%0
003260
003270
003229
003259
00330
003310°
003320
003330
003340
0031320
003360
003370
003380
003150
€034¢0
03410
003420
003430
03590
003620
003630
003640
003650
003660
003680
003710
003720
003740
003750
003800
003810
003820
003830
003840
003850
003860
003870
003880
003850
0039¢0
003910
003920
003930
003940
003950
003960
003970
003980
00399
0040¢0
004010
€04020
004020
004040




EMASS(10)= EMASS(10)+ SHAPL(2,INT)ASHAPL(2,INT)*5T2 004C%0
185 CONTINUE 004C¢0
IF(DJAC.LE.1.3E~20) GO TO 3000 04070
WT1aWT*FACL/DJAC . 004020
GQ 11 190 004050
3000 WRITE(6,2020) DJAC 004100
2020 FQRMAT(5X, *DJAC = !,E15,5) 004110
STop 0C4120
190 CONTIMUE 0041130
EFORCE(1) = EFJIRCE(L) - (ETAUCINTI#OSHAPI(1,INT)*WT + 004140
+ ESIG(INT)I*DDSHAPO(1l, INT)®NTL) 04129
EFORCE(2) = EFIRCE(2) = (ETAU(IMNT)I*OSHAPL(1, INT)*UT + cC4le0
+ ESIG(INTI*DDSHAOLLL, INT)*NT]) 004170
EFORCE(3) = EFIRCE(3I) = (ETAU{INT)#DSHAPO(2,INT) *HT + ¢C4l80
+ ESIGIINT)I*DDSHAPO(2,INT)*WTL) 004150
EFORCE(4) = EFNRAE(4) ~ (ETAUCINT)I*DSHAPL(2,INT) #4T + €042¢c0
+ ESIG(INT)I*DDSHAPL(2, INT)*HT]) 004210
200 CONTINUE 0C4220
¢ 004230
C WRITE(65,2030) EFORCE(1),EFORCE(2),EFORCE(3),EFORCE(4) 004240
2030 FOPMAT(S5Xs4EL5.6) 004259
C 004260
RETUR'I 004270
EMND 004280
SUBRIUTIMNE SILVE(AsB8sNHs M3, MMAX, KK} 004290
DIMENSION A(1)»3{1) 0043¢C0
c 004310
C SOLUTION NF SYMMETRIC BAMDED ZQUATIONS IN SINGLE SUBSCRIPT ARITH, 004320
¢ 004320
MBls=sMB-1 004340
NNNs=HH=1 004350
IF(KK.EQ,2) GO TO 2000° 0043¢0
II=1 004370
DO 300 M=1,NNN 004380
CC=A(1I) 004390
IF(CC.EQ.0.,0) GO TQ 250 004400
J1=II+1 004410
J2sII+M81 004420
ME=NN=N 004420
IF(NELT MBl) J2=IT+NE 004440
MelI-1 004450
DO 200 J=J1,J2 004460
- HuM+MMAX 004470
IF(ALJ) EQ.0.0) 6O TO 200 004480
C=AlJ)/CC 004490
K=M 0045C0
DO 100 I=J,J2 004510
KuK+] 004520
100 AtK)sA({K)~C*A(I) 004530
AlJ)sC 004540
200 CONTIHUE 004550
250 CONTINUE 0043¢€0]
TI=II+MMAX 004570
300 CINTIHUE €04580
RETURY 004550
2000 Ils=1 €04600
NN 500 Hel,HNY 004610
CC=A(XI) 004629
IF(CC.£Q.,0.,0) GO TO 450 004630
J1=11+1 004640
J2=11+MB1 004650
NE=NM-N Co4ten
IF{NE,LT.NBL)YJ2=TI+NE 004670
CaR(M) C04671
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(2 X Na)

c

CEEE——— —

L=N
D3 40) J=J1,J2
Lel+l

400 B{L)=B(L)=A(J)*C

450
500

600
650
700

50

100

100

8(N)=C/CC

CONTIMUE

II=IT+MMAX

CONTINYE

CC=A{IT)

IF(CCoNE«0.0) BINN)=BINN)}/CC
N=MN

TIeMMAX® (HN=2)+1

DO 707 I=2,HN

HaN=1

IF(A(IZ).EQ.0.0) GO TO 630
Jl=II+1

J2=II+MB1

ME=aNN=N

IF(NE.LT.MBl) J2=IT+NE
C=B8(N)

L=N

DA 600 J=J1,J2

L=L+l

CaC=AlJ)*B (L)

B(N)=C

CONTINNE

II=II-MMAX

CONTINYIE

RETURN

EHND

SUBROYTIMNE MODIFY(N,QsAsB, NNy HBy MMAX)
DIMEMSION A(MMAX,MHN),B{MN)

MODIFICATION FOR PRESCRIBED ESSENTIAL ROUMDARY CONNITIONS,

DO 100 J=2,MB

Let=J+1

IF(L.LE.OD) GO TO 50

B(L)=B(L) - A{JrL)*Q

AlJ,L)=0,0

LeN+J=1

IF(L.GT.MN) GO TO 100

B(L)=B(L) = A{JLN)*9

A{JsN) = 0,0

B(N) = Q

All,N) = 0.0

RETURN

END

SUBROUTINE GRID(YCORD,NIDE,NODES,NUMEL )

DIME'ISIOM YCORD(30),NQ2E(2,39)

THIS SUBROUTIYWE GENERATES NON-ODIMENSINNAL CI-ORDIMATES OF NOOAL
POINTS.

Y - BAR = Y / (HT/2) .

nYl = 0,05

DY2 = Q,19375000

DY = DV2 .

Yl = =1,0

DN 100 M = 1, NONES

YCORD(!N) = YI

Yl = YI + DY

DY = DY2

IF(".GT.’.A"D.N.LTQIB) DY = DY1

CONTTINVE
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004650
0047¢€0
004710
004720
004730
004740
004730
004740
004770
0C4780
004769
co«8co
€C4810
004820
004820
004840
04350
004860
04870
004880
004850
0049C0O
094910
004520
04920
004940
€C049%0
0049¢0
04970
004980
004990
005C00
005010
ccsca0
005030
005040
005050
005060
05070
005080
005060
0051C0
005110
005120
005130
005149
005150
0051¢0
003170
05180
005150
go052¢0
005210
003221
005222
003223
005230
005240
005259
C052¢9
005263
0052¢4
cos5270
005280



c GENERATE NODE MUMBEPS 005250

¢ 005300
NO = 1 005310

NQ 200 H = 1,MIMEL 005320
NIDE(1,N) = NO 05330
NODE(2,M) = NO + 1 005240

MO = MO + 1 005359

200 COMTIMUE 0053¢0
RETURM 005370

END 005380
SUBRIUTINE DISTURB(YCORN,HNAONE, EGDOT, NNDOT, ALFA, CM, 005399

+ EPSILONSMUMEL,HINT, TEMP, THP, HODES,,HTHP ) 0054C0
COMMON/SHAPES/SHAPO{2,5) ,SHAPL(2,5), DSHAPI( 2, 5), DSHAPL(2,5), 05410

+ DOSHAPO(2,5),0DSHAPL(225),SHAPB(2,5),0SHAPR(2,5) 805420
DIMENSINH YCORD(30),MNODE(2,30),EGDIT(5,30),DDD0T(5,30) C05440

+ »TMP(31), TEMP(5,30) 005450
WRITE(6,2010) 005440
2010 FOSMAT(5X, "MONAL VALYES OF VARIABLES CAUSED BY THE DISTURBANCE'/ (C05470
+ S5X,TELE. # INT. PT. #' ,9X» 'GAMADOITY,9X,'D=DOT 515X, *TEMP,') 005480

D 100 MEL = 1, NUMEL 005490

T1l= NIDE(1,%EL) 0055¢0

12 = MODE(2,NEL) 005510

DO 100 INT = 1, NINT 005520

S = SHAPB(L,IMNT)*YCIRD(I1) + SHAPB(2, INT)*YCORD(I2) €es55120

FAC = (1,0-5*S5) 005540
FACN = SAC**CN 005520
EXPV = EXP(~-ALFA%S2S) : C055¢0
EGOQTUINT,NEL) = 0.0 005570
DDONTUINT,HEL) = 0.0 cosseo0
TEMP{INT,LMEL) = HTHMP + EPSILIN*FACH*EXPV 005550
YRITE(652000)NEL» INT»S,EGDOT(INT,NEL), DDDOT (INT, NEL), TEMP( INT,NEL) 0056CO
2000 FORMAT(5X,21554E15.5) ’ 005610
100 CONTINUE 005620
0O 200 I=1,MODES C05¢¢0

S = YCORD(I) 0056¢€1
THP(I) = HTMP + ((1l.=S*S)#*CH)*EPSILON*(EXP(=ALFA*S*S)) 005679
WRITE(6,2000) I,I,S,THP(I) 005680

200 CONTINUE 005710
RETURN 005720

END 005720
SUBROUTINE THERM(TEHP, WORK,FACl, NUMEL,NINT,NTT,DT, TMP 005740

4y YCORD,HIDES,NADE) 0C5741
COMMIN/SHAPES/SHAPO(2,5)5SHAPL1(2,5),DSHAPO(2,5),DSHAPL(2,5), 05750

+ DDSHAPO(2,5),DDSHAPL(2,5) ,SHAPB(2,5),NSHAPB(2,5) 0C57¢0
DIMENSION TEHP(5530);HDRK(5;30)9NODE(2:30))YT(Z)pYCURD(SO) 005780
DIMEHSION T™MP(31),NISSIP(3),HEAT(2,31), 005740

+ THCIND(31,31),FORCE(31) 005300
MDIMENSTIOM LD(3)y TH(6),EMASS(6),WEIGHT(4) 005810
DATA WEIGHT/0.3478%4345137454, Q. 652145154862546, 0c5820

+ 0.652145154862546,04347854845137454/ 005830

C 006120
c GEMERATE Ti{E MATRICES 0061130
c 006140
MB = 2 006120

D0 250 I = 1 , NODES 0061¢0
FORCE(I) = 0.0 006170
TF(NTT.NE.1) GO TO 250 006180

DO 230 J = 1, M8 0C6150

230 HEAT(),T) = 0.0 0062C0
D0 231 J = 1,NJIDES 0062CS5

231 THECOMD( J, I ) = 0.0 006210
250 CNONTINUE 006229
03 909 MEL = 1,NUMEL 006230

DT 307 I =1, 2 005240
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430
500
510

550
C ASS

600

690
900

945
as0

Il = 10NE(I,NEL)
¥YT({1) = YCORNVID)

300 CONTIMUE

IFINTT.HE.1) 67 TO 510
MC » O

00 400 1 = 1, 2

DO 40N J = 1, I

MC = NC + )

TH(NC) = 0.0

400 EMASS(MC) = 0,0

MC = 0

90 502 I =1, 2

DO SN J =1, 1

HC = 1€ + 1

DJAC = (YT(2) = YT(1))%0,5)

IF(DJAC.LT.1.0E-10) GO TO 1799

DO 450 INT = 1,HINT

NT = HEIGHT(INT)#NJAC

NT1l = WEIGHT(INT)/0JAC

EMASSIMC) « EMASS(MC) + SHAPB(I,INT)&®SHAPB(J, INT)NT
THIMC) = TH(MC) + DSHAPI(I,INTISNSHAPB(J, INT)*WT]
CONTIMUE

CONTINUE

CONTIN'E

DO 357 I = 1, 2

DISSIP(I) = J.0

DJAC = (YT(2) = YT(1))%0,5)

D0 557 IKRT e 1, NINT

NJAC = DSHA®PB(1l, INT)®=YT(1) + DSHAPB(2,INT)®YT(2)
MT = WJEIGHT(INT) * OJAC

DISSIP(I) =« DISSIP(I) + SHAPB(I,INT)*WORK(INT,NEL)*NT

CINTT'IUE
ENBLE THE GLOBAL MNATRICES
no 600 II = 1,2
I=NODE(II,NEL)

Lo(11) = 1

MC = O

DO 700 I = 1,2

I=LD(II)

FORCE({l) = FORCE(I) + DISSIP(IL)
IF(NTT.NE.1) 6] TN 700
DN 690 JJ = 1, 11
MC = MC + 1
Fo= LNGI)
IR = MINO(I, M)
IC = TABS(I-4) + 1
HEAT(IC,2IR) = HEAT(IC,IR) + EMASS(MC)
THCOND (IsH) = THCIND(ILM) + THIMC)*FACL
THCOND (Ms 1) = THCOND(ILM)
CONTYIIUE
CINTINUE
CONTIHUE
ND 950 I = 1,HODES
IMlsl~1
IF(I.€E2:1) IML = 1
IP1l = I+1
IF(I.EQ.NODES) IPl =
D7 945 § = IM1,IP1
FNRCE(I) = FORCE(I) = THCOND(I,J)®THP(J)
CONTINUE
IF(NTT.EN.1)
+CALL SOLVE('1EAT, FORCE,NIDES, B, M8, 1)
CALL SOLVE(HEAT, FIRCE,NIDES, 4B, 4B, 2)
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006290
006260
0¢e2M
cce229
000250
00613C0
0061310
006320
0063130
08340
0061350
00613¢n
0€6370
006300
Ccosacn
006410
006415
006420
06430
06440
006430
Cob4¢0
0056470
0064280
006480
0043C0
co65¢Cs
cos510
006320
0065130
006540
006520
Qge3e0
006390
0066C0
0006610
006620
006630
006640
006630
0066¢0
006670
006680
006690
006700
006710
006720
006720
Q06740
006720
006760
006770
006780
0067%0
Q06792
006763
006754
006795
006 8C0
006810
005812
006840
acenv0
006880



S it . e -

-

-

D73 99) 4el,n0ES 006929
TP (M) e THo ) e T oL ()T 0049
Q90 CONTI IYE 0€8940
c 006999
NO Q95 MFt & I, cyrpeen C069¢0
I1 » HODE(L1,NEL) 086970
I2 « MWEL2,MNE0) : 006909
DO 995 INT = L,HINT coroco
QA% TEMP({INT,HEL) o THP(I1)eS {APA(L1,INT) o TMP(I216SHAPR(2, INT) 0C7010
QETUL gar030
A9 JRITS(hy 2630 NELINIYIT,DIAC 067040
240 FIPHAT(5Y, "NJAT FI0 ELEL ) "8, IMY, PT, 9,15, ,E15,9// €730
¢ SY, 0T T EXEIUTI MM OOF THE PPIGRAM IS BEING STOPPEDN IN SUB, TNEEM?)(C070e0
sTOP egr070
E'O 0070n0
SUBR TITINE AN(INNIT, 4 IHT,MIMEL , NDDE,VELDIT, TGOQT » YCORD, EGOCT 007050
® 2 DTHHIERPO,NTT) 007100
COMMON/SHAPEC/S-HAPO(2,5) 5544210 2,91,05HA®Q(2,9), 0SHAPL(2,9), 007110
¢ DDSHAPO(2,%),"N0S4APL1(2,%5),S 1APB(2,%),0S4APB(2,%) 607120
DIMENSINN DROOT (5, 30),M07 (2,30),VELDOT(31),TGOOT(IY), 007140
¢ YCOIRD(IO)LEGDITIS,30) 6071%0
c 067170
c THIS SUBRNITINE COINPITES TOITAL 0-=-INT AND TOATAL G-00T. 007180
c 007160
c TFIMTT LF.%) 4877 (n,2010) covaco
2010 FORMAT(SY,'ELz,¢ INT, P7, @ TATAL 6=D1IT?,5%,*TITAL 0-DOT//) 007210
[ ggr220
N 200 MFL = 1, NivEL cor23
I1 = IODE(1,NEL) 007231
12 = NODE(2,MEL) cer212
DJACI = 2,0/(¥YCJ0PD(12) ~ YCORD(ILIN 0c?213
07 200 IYT = 1, NINT 007240
DOODTIINT,HNEL) « DNINTIINT,NZL) o (NTaNJACI®DJACT)e [{AZ B3N
¢ (DDSHAPA( L, INT)IOVELDOT(IY) « DOSHAPO(2, INT)ISVELDOTILI2) o 0071352
¢ DOSHAPL{L, INT)eYGINT(I1) + NOSHAPL(2,INTISTGDATI(I2) ) 0073%)
EGODT({ INT,MEL) = EGDNT(INT,NEL) + DTeNJACT® 0073%
o [ DSHAPC(1,INT)I®VELNQT(TL) + DSHAPO(2,INT)IGVELDOTIL2) 0071335
. DSHA2L(1,IMT)STGOIT(IL) + DSHAPL(2,INT)eTGDOT(I2)) 0071356
c IFINTT LE. %) 0073¢0
4 SMRITE(6, 200V HEL, INTLEGNITIINT, NEL ), NDDOT(INT, NEL ) 007372
2900 FORMATISY,219,271%.9) 007380
200 CINTINUE 007390
PETURM 0074C0
END 007410
SURROUTINE PLASTIC(E4DOT,N00NT,PGDNT,PDDNT, CNI,G00TQ,S1GNA, 007420
¢ CMoAs»B,CHU,CH, 07, TAUOS TSNP, ST10, NTT,NUMEL,NINT,¥ORK, TAU ooTe M
* 5 HSL HGP,MGPDIT,0GAMA»SI,0S5TARPT,PN) 407431
DIMENSINN EGONT(%5,37),009977(5%,30),P500T(5,30),P000T(S, 30) 007480
* sPGAIA(%,100),ST1(53,100),TEMP(5,30),TAU(3,30),31GNALY, 30) 0C749%0
* HHORY.(5,30),7D(9%,100) 007480
(4 0CT4 70
IF(RSTART,EQ.).0) 57 T3 190 007478
IFINTT.HEL L) 60 T2 100 007480
c IMITIALIZE SI,PGNOT,PDD T, TEMP,PGAMA,PD, SIGHA,TAU AT EACH PALINT CCr480
C ccrIco
D0 53 NEL = l,Muuel 607310
DO S0 INT e 1,nNINT 007520
STUIMT,HELYeHST 007933
PGOOT I'IT, HEL ) &4sPDNT co7s40
PDOOT(INT,NEL ) e, 007950
PGAMALT'IT,NEL) w4fP corsro
POIIMT,MEL )0, 0grye0
TAUCTINT,HEL) = TANO 8073940
SIGHMALTMT,NFL) =« 1.0 orvarp
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Sy CINTI UE

100 CONTI IUE

430
2100

460

2000

300

461

2010 FORMAT(///779%,*THE EXECUTION IF THE PRIGRAM IS BEING

462

DO 50) HEL « 1,HYMEL

03 %500 INT = 1,HINT

SIT=STUINT,HEL)

THP=TEMPLINT, NEL)

CKAPAL = {(1.0¢STI1/ST0)esCN)

CKAPA o CKAPAL * (1,0 = ASTHP)
ESTRES e SWT ( TAULINT,NEL)®TAUCINT,NEL)
e SIGMACIHNT,NELI®SIGMA(TI'IT, NEL))

QT o TSTRES/CKAPA

IF(QT4LTe040) /O T3 461
TREQT.LT.1.0) G TO 459

R2 o QTseCNI - 1,0

GAMA = R2/{ReESTRESeRDJITY)

SIDOT o GANA * ESTRESOESTRES/CKAPAL
GQ T) 460

CONTINUE

WRITE(4,2130) INT,NEL, T

FORMAT(SX, *THE INT, PT,0,78,¢ IF ELE, # *,13,'1S UNLOADING.'/
o SA,'TAIN/MAPA & *,£15,9%)

Gava = 0.0

SIDJY = ),0

CANTINOE

GPDNT = GAMA ¢ TAU(IMT,HEL)

NBDIT o GAMA @ STGWALINT,NEL)
PGDOTUINT,NEL ) oG PNNT

oNNQTLINT, NEL) = DPNNT

SECIMTLMEL) o ST{INTLNEL) » SINQTeOY
PGAMAIINT ,HEL) o PGAMA(INT,NEL) ¢ G®ONTeD™
POUINT,NEL) o PH(INT,NEL) » D®D]Te0T
MRITE(6,2000) NEL,INT,SIDNT,GPNQT,NeN0T
FIRMAT(SY, 219,3€E15.5)

YORK{INTLHEL) o CKAPAL o SIDIT

TAUDNT e CHMIS(EGITIINT,NEL) - GPONT)
SIGDNT = CMUS(DNNOT{INT,NEL) -~ D®OOT)
TAUCINT,HEL) = TAU(TIHT,NEL) « TA'IDNTeNT
SIGHACTINT,MEL) = SIGNA(INT,NEL) ¢ SIGDOTeOT
CINTIMNIE

G 7Y 02

NRITE(&,2010) QT

¢ STIPPED. QT o ',EL5.3)
svor

CINTINMUE

RETUEN

€Nno
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gC7610
007420
0076130
007640
007630
007¢ed
€07670
007680
007650
0077¢C0
ec7710
o07711
0Cc7720
ger723
ocT720
ocrreo
CC77¢0
eeT770
cc7780
007783
007750
co7eco
cCc7810
007820
007030
007940
007850
007060
007870
0070880
007890
007900
¢cer9l0
007920
0079130
007940
007950
0079¢0
007970
007980
007990
00796)
007992
007993
00799
0079953
007996
0080CO
00080190
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